Much of our knowledge of human uterine physiology and pathology has been extrapolated from the study of diverse animal models, as there is no ideal system for studying human uterine biology in vitro. Although it remains debatable whether mouse models are the most suitable system for investigating human uterine function(s), gene-manipulated mice are considered by many the most useful tool for mechanistic analysis, and numerous studies have identified many similarities in female reproduction between the two species. This Review brings together information from studies using animal models, in particular mouse models, that shed light on normal and pathologic aspects of uterine biology and pregnancy complications.
In mice, gestation is 20 days when counted from the day of vaginal plug formation (day 1). Harmonized actions of progesterone (P 4 ) and estrogen secreted from freshly formed corpora lutea establish the receptivity of the uterus for implantation. A preovulatory estrogen surge induces heavy proliferation of uterine epithelial cells on day 1, while rising levels of P 4 together with preimplantation estrogen secreted on the morning of day 4 induce stromal cell proliferation to establish an optimal milieu for blastocyst attachment to the uterine lining. Implantation occurs only when the uterus is receptive to the presence of blastocysts. Transferring blastocysts into pseudopregnant females has been used to determine when the uterus is sensitive to implantation in mice (13) . The uterus is prereceptive on days 1-3 and becomes refractory to implantation by the afternoon of day 5. Although blastocysts transferred into a prereceptive mouse uterus can survive until it becomes receptive for implantation, the uterine environment is unfavorable to blastocyst survival during the refractory phase (8) . Initiation of implantation occurs on the night of day 4 (day 4.5 at
Figure 1
The menstrual cycle in women. The uterus undergoes a sequence of cellular transformations every 28 days. Prior to ovulation, the uterus is at the follicular phase and has a thinner endometrium. Accompanied by peaks of follicle-stimulating hormone and estrogen, ovulation occurs mid-cycle. The uterine lining then proliferates and becomes predecidual for the preparation of blastocyst implantation. In humans, the receptive phase is considered to be around mid-luteal phase, at days 20-24 of each cycle (numbered in red).
2,200-2,300 hr). Increased vascular permeability at the attachment site, which entails the beginning of implantation in mice, is also first seen around this time (13) . At the molecular level, cross-talk between the closely situated blastocyst and uterine epithelium is initiated as early as 4 pm of day 4 (14, 15) . Uterine blood circulation is provided through blood vessels bundled at one side, dubbed the "mesometrial side," of the uterus (Figure 3 ). Blastocysts attach to the luminal epithelium at the opposite side, the antimesometrial side. Here, the luminal epithelium undergoes apoptosis (16) , allowing the blastocyst to adhere to the uterine lining and trophoblast cells (embryonic cells that contribute to the placenta) to penetrate through the stroma in a regulated manner. Coincidently, stromal cells immediately surrounding the implanting blastocyst proliferate extensively and then differentiate into specialized cells that are polyploid (17) . This process (decidualization) is first initiated at the antimesometrial side and forms a structure (the deciduum) that encases the fetus and placenta. In mice, this structure is sustained until placentation but is reduced to a thin layer of cells called the decidua capsularis ( Figure 3 ). Decidual cells become polyploidy by undergoing several rounds of DNA replication without cytokinesis (18) . The deciduum is a transient tissue but is presumed to perform several functions crucial to a successful term pregnancy. For example, it is involved in the exchange of nutrients, gas, and waste, and it secretes hormones, growth factors, and cytokines that help maintain the pregnancy (19, 20) .
The window of implantation in humans is considered to be 5-9 days after ovulation, i.e., the middle of the luteal phase of the menstrual cycle (days 20-24) ( Figure 1) (21) . The human uterus is considered prereceptive prior to these days and becomes refractory thereafter (21) . As in mice, implantation in humans requires a preovulatory increase in estrogen secretion, which stimulates uter-ine epithelial cell proliferation (22) . Subsequently, the postovulatory increase in P 4 levels induces profound remodeling and differentiation of the estrogen-primed stromal cells into decidual cells that are large and polyploid (20) . Unlike in rodents, decidualization occurs in humans in the absence of an embryo, although the extent of decidualization is enhanced by implantation. This process is crucial for embryo implantation and maintenance of the pregnancy (13) .
Signaling molecules mediating crosstalk between the embryo and uterus during implantation have been comprehensively summarized in recent reviews (8, 13, 23, 24) . The scope of this Review is two-fold. First, we summarize studies on gene networks regulating the process of endometrial growth and decidualization in mice and find links with current human data. Second, we highlight animal models of pregnancy complications and pregnancy loss to find possible molecular connections with the human conditions.
Molecular regulation of uterine growth and decidualization
As mentioned, the major difference in decidualization between mice and humans is that, in mice, the process requires the attachment of the blastocyst to the uterine lining as a trigger. Despite this difference, both the hormonal requirements for decidualization and the behavior of cells during decidualization are thought to be similar between mice and humans (8) . In many genetically engineered mice, gene products involved in different aspects of decidualization have been identified ( Table 1 ). As human decidualization occurs even in the absence of blastocyst attachment to the uterine lining, we discuss herein the factors involved in mouse stromal cell growth and decidualization that are not overtly influenced by the attachment reaction.
Regulation of steroid hormone responsiveness. Ovarian P 4 and estrogen are the principal hormones that regulate uterine growth and differentiation during early pregnancy (13) . These hormones influence uterine functions primarily via nuclear estrogen and P 4 receptors (ERs and PRs, respectively). There are two isoforms each for ER (ERα and ERβ) and PR (PRA and PRB). While estrogen signaling is considered dispensable for decidualization, it is crucial for blastocyst attachment to the uterine lining (25, 26) . In the uterus, ERα is the major functional receptor for estrogens, as indicated by the observation that Era -/uteri are hypoplastic and unable to support implantation (27) , while Erb -/uteri support implantation (28) . A recent study using an inhibitor of aromatase, a key enzyme in estradiol synthesis, suggested that de novo synthesis of estrogen by the deciduum is critical for decidualization (29) . However, two previous studies showed that P 4 supports decidualization in Era -/mice in response to an artificial stimulus (25, 26) , providing genetic evidence that P 4 is sufficient for decidualization.
The uterus expresses both PRA and PRB. Female mice lacking both receptors are infertile and have multiple ovarian and uterine defects (30) , but these functions are normal in PRB-deficient
Figure 2
Pregnancy overview: mouse versus human. Columns on the left show distinct boundaries of Hoxa gene expression in the reproductive tract. Demarcation of expression boundaries is based on observations in the mouse; although HOXA genes are also implicated in human reproduction, whether the expression patterns are similar to those in mice is not known. mice (31) . Interestingly, PRB-deficient mice also lacking the cyclindependent kinase (CDK) inhibitor p21 are infertile with decidualization defects (18) . Thus, while P 4 -regulated critical functions are primarily mediated by uterine PRA, PRB plays a supporting role in regulating cell cycle progression during decidualization.
As components of the PR-driven transcriptional machinery, steroid receptor coactivator 1 (SRC-1), SRC-2, and SRC-3 - encoded by NCOA1, NCOA2, and NCOA3, respectively - are important sig-naling intermediates of ligand-activated PR (32) . Female mice with a single null mutation of either Ncoa1 or Ncoa2 exhibit decreased P 4 sensitivity and a substantial reduction in decidualization (33) (34) (35) . Mice lacking both SRC-1 and SRC-2 are infertile with a complete block in decidualization (36) . In contrast, Ncoa3-null mice have complex reproductive phenotypes, with delayed puberty and prolonged estrous cycles (37) but exhibit normal decidualization (33) . Among these cofactors, SRC-2 also acts as a coactivator of PPARδ (38) , which is involved in regulating decidualization through its function as a nuclear receptor for COX-2-derived prostacyclin (39) (40) (41) . Thus, SRC-1 and SRC-2 are essential members of the transcriptional machinery required during decidualization.
The activity of PR is optimized by an immunophilin co-chaperone, FK506-binding protein 4 (FKBP52). High-affinity binding of P 4 to PR is achieved in the presence of FKBP52, although a basal level of P 4 responsiveness is maintained in its absence (42) . The coupling of PR to FKBP52 seems to be a physiologically relevant phenomenon during early pregnancy, since FKBP52-deficient mice express normal levels of P 4 but show reduced uterine PR responsiveness (42, 43) . This disrupts the balance between P 4 and estrogen in the uterus such that the influence of estrogen is enhanced, resulting in implantation failure (42, 43) . Moreover, these mice show impaired decidualization in response to implanting blastocysts or artificial stimuli (43, 44) . The phenotype of P 4 resistance in FKBP52-deficient female mice can partially be overcome by exogenously supplying P 4 , but this is dependent on the genetic background of the mice (44).
As indicated above, multiple factors work in concert to regulate steroid hormone signaling in the uterus, and a defect at any level can perturb fertility. Luteal phase defect (LPD) is a heterogeneous endocrine disorder in women that is associated with unexplained repeated implantation failure or pregnancy loss; it is considered a cause of recurrent miscarriage in more than 10% of cases (45) . While the cause of LPD is not well understood, it is often diagnosed when a woman's serum P 4 levels are reduced at midluteal phase or when endometrial growth is insufficient to support a pregnancy (45) . P 4 supplementation is an important treatment option for women with LPD, potentially through its ability to regulate the window of uterine receptivity, but outcomes are often mixed (46) . Therefore, it is reasonable to consider other signaling components of steroid hormone receptor pathways when investigating the etiology of LPD. In this regard, the following studies have provided valuable insights. PR downregulation in the luminal epithelium of the human uterus coincides with the establishment of uterine receptivity and does not occur fully in
Figure 3
Decidualization and placentation in mice. Schematic diagrams depicting cross-sections of implantation sites on days 4, 7, and 13 of pregnancy. (A) On day 4, the luminal epithelium closes on an implanting blastocyst. The mural trophectoderm, which is distant from the inner cell mass, contacts the epithelium at the antimesometrial side (AM). The decidual response also starts from the antimesometrial side (not shown). M, mesometrial side. (B) On day 7, the embryo is much larger, and its ectoplacental cone has penetrated the mesometrial decidua, which is enriched with blood vessels. Differentiated decidual cells now take up most of the implantation site (IS). Note that decidualization does not occur at inter-implantation sites. (C) On day 13, the placenta has developed, and the decidua has regressed to thin layers around the placenta and embryo, known as decidua basalis and decidua capsularis, respectively.
the endometrium of women with LPD (47). In the human endometrium, expression of ER, PR, and SRC-1 are all downregulated in the luteal phase (48) , further suggesting that hormone effects can be regulated by differential expression of downstream transcriptional machinery and not just changes in hormone levels. Further investigation with regards to other components of PR signaling may help refine the diagnosis and treatment of LPD.
Lipid-signaling mediators. After the initial attachment reaction, increases in vascular permeability and extensive angiogenesis ensue to support pregnancy. COX-2-derived PGs influence uterine angiogenesis during decidualization by differentially regulating VEGF and angiopoietin signaling cascades (49) . Uterine angiogenesis in mice is severely compromised when VEGF, but not angiopoietin, signaling is defective, and this defect is rescued by exogenously supplying a stable prostacyclin agonist (49) . In women, circulating levels of VEGF peak approximately 9 days after the luteinizing hormone surge, around the time of implantation ( Figure 1 ) (50). However, it is not clear whether the fluctuation in VEGF levels is directly regulated by PGs, as in mice, or by steroid hormones. Sphingolipid metabolites are bioactive lipid signaling molecules generated by sphingosine kinase (Sphk). There are two Sphk isoforms in mammals, Sphk1 and Sphk2, and both are dynamically expressed in postimplantation mouse uteri (51) . Sphk1 -/-Sphk2 +/mice exhibit defective decidualization, with increased death of decidual cells, decreased proliferation of undifferentiated stromal cells, and massive breakage of decidual blood vessels (52) . Perturbation in sphingolipid metabolism thus leads to severe defects in decidualization and early pregnancy loss in mice. The role of sphingolipid signaling in human pregnancy remains to be elucidated.
Control of cell cycle. Decidualization is accompanied by tremendous cell proliferation, differentiation, and endoreplication (duplication of the genome without mitosis), and a complex interplay of cell cycle molecules participates in the process (13) . Cyclin D3 is a key player in directing stromal cell proliferation, differentiation, and polyploidization, and its deficiency leads to defective decidualization in mice (18) . p21 also has a critical role in this process, as demonstrated by the decidualization defects observed in mice lacking both p21 and PRB (18) . Hepatoma upregulated protein (Hurp) is a cell cycle-associated protein expressed at high levels in the G 2 /M phase of the cell cycle. Hurp functions during spindle formation and chromosome congression during mitosis, but a gene-targeting experiment revealed a specific decidualization failure phenotype: Hurp-deficient female mice fail to establish implantation due to an inability to form a deciduum (53) .
One candidate regulator of cell cycle molecules during decidualization is Hoxa10, a Hox family transcription factor induced by P 4 in the stroma and highly expressed in developing decidua (54) . Hoxa10 -/female mice show decidualization defects accompanied by dysregulation of cyclin D3 and loss of region-specific expression of CDK4 and CDK6 in the decidual bed (17, 55) . In Hoxa10 -/uteri, the cell cycle inhibitors p15 and p57 (56) and the negative cell cycle regulators cyclins G1 and G2 (57) are all abnormally induced. Thus, Hoxa10 in the stroma and decidua may be at the control point of cell cycle progression and cellular differentiation during decidualization. One candidate upstream regulator of Hoxa10 is basic transcription element-binding protein 1 (BTEB1), a PR-interacting protein belonging to the Sp/Kruppel-like family of transcription factors. BTEB1-deficient females mice exhibit decidualization defects with dysregulation of both Hoxa10 and cyclin D3 expression in the uterus (58) .
Heparin-binding EGF-like growth factor (HB-EGF) is a unique and versatile mediator of embryo-uterine interactions during implantation both in mice and humans (reviewed in ref. 15 ). Mice lacking HB-EGF show deferred implantation and compromised decidual growth (18, 59) . Studies using primary culture of uterine stromal cells have further revealed that HB-EGF induces stromal cell polyploidy and decidualization both in vivo and in vitro by upregulating cyclin D3 expression, reinforcing the role of this protein in decidualization (55) .
IL-11 regulates certain uterine functions during early pregnancy. In mice lacking the α-chain of the receptor for IL-11 (IL-11Rα), blastocyst attachment to the uterine lining and the initial decidual response occur normally, but decidua degenerate progressively without endoreplication, and placental failure ensues (60, 61) . Defective polyploidy in Il11ra -/decidua results from downregulation of cyclin D3 expression. p21 and survivin are also downstream targets of IL-11 in decidua, and expression of these two proteins is also decreased in Il11ra -/decidua (62) . These observations further support the idea that cyclin D3 is a key cell cycle molecule regulating stromal proliferation, differentiation, and polyploidy during decidualization.
Study of decidualization in humans has primarily been restricted to an in vitro culture system of human endometrial stromal cells (HESCs). Differentiation of HESCs is generally monitored by changes in cell proliferation rate, output of certain hormones and factors, and gene expression (63). In this system, decidualization of HESCs is induced with either cAMP or P 4 . A recent study has shown that the transcription factor forkhead box O1 (FOXO1) directly interacts with PR and regulates the expression of genes encoding several cell cycle molecules in HESCs (64) . HESCs also produce IL-11, which in turn promotes P 4 -induced decidualization (65) . Of interest in this context, it has been suggested that dysregulation of endometrial IL-11 production is associated with primary infertility in women (66) . While a myriad of genes have been implicated in decidualization in this in vitro culture system (63) , the information obtained from such studies needs to be further investigated to unravel the complexity of human decidualization in vivo.
Epithelial-mesenchymal interactions during decidualization. There is evidence that decidualization cannot be induced in uteri devoid of epithelial layers, indicating that epithelial layers influence the mesenchymal cells that form decidua (67) . A role for the luminal epithelium as a transmitter has been hypothesized to explain the requirement for epithelial cells in decidualization (63), as similar epithelial-mesenchymal interactions occur in many tissues during organogenesis and involve paracrine secretion of specific morphogens (68) .
Expression analyses have shown that the hedgehog family morphogen Indian hedgehog (IHH), bone morphogenetic proteins (BMPs), and Wnts are important for establishing uterine receptivity for implantation and for facilitating postimplantation uterine growth (68) (69) (70) (71) (72) . Ihh is expressed in the receptive uterine epithelium under the control of P 4 (70, 71) . Conditional ablation of Ihh in the uterus leads to implantation failure, suggesting that IHH contributes to the establishment of uterine receptivity under P 4 regulation (73). Ihh-null mice also exhibit decidualization failure in response to an artificial stimulus, which may be due to the perturbed uterine receptivity. The IHH signal from the uterine epithelium seems to be transmitted to the stroma via the receptor patched-1 (Ptch1) and its downstream transcription factors (70, 73) . One target gene of IHH/Ptch1 encodes chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII) (73) . The gene encoding COUP-TFII is expressed in the uterine stroma, and its haploinsufficiency in mice leads to substantially reduced fecundity with impaired decidual response (74) . Homozygous deletion of the gene encoding COUP-TFII in the uterine stroma leads to a similar decidualization defect (75). Interestingly, intraluminal supplementation of recombinant BMP2 protein partially restores the decidual response in these mice, suggesting that BMP2 is a downstream target of COUP-TFII in decidualization (75) . This idea is consistent with the observation that BMP2deficient uteri show decidualization defects (76) . These studies collectively show that the P 4 -induced IHH/Ptch1/COUP-TFII/ BMP2 pathway is an important constituent of the epithelialmesenchymal cross-talk that is critical for implantation and decidualization. Among the many morphogens implicated in decidualization in the mouse, BMP2 effectively enhances decidualization of HESCs in vitro (77, 78). Table 1 , the initiation, progression, and completion of decidualization requires spatiotemporal coordination of various signaling factors. Although the list of genes regulating decidualization is expanding, one should be cautious about judging the involvement of these factors in the process, since it remains largely uncertain whether aberrant expression of so-called downstream genes is due to mutation of a gene of interest or simply the consequence of a defect in decidualization.
As summarized in
Endometrial hypotrophy in women. A thin endometrium is often considered to be a result of impaired endometrial cell growth, and endometrial thickness correlates with pregnancy rate (79) . In performing embryo transfer after in vitro fertilization (IVF), several endometrial parameters, including thickness, are assessed to determine the features of the endometrium receiving the transferred embryo (23) . A thin endometrium is often associated with low implantation rate, a critical restricting factor in IVF success. Several treatment regimens, including administration of low-dose aspirin, estrogen, or a GnRH agonist, have been used with variable outcomes, suggesting that endometrial hypotrophy is a complex condition caused by poor hormone responsiveness and/or poor endometrial cell growth (80) .
Although it is thought that impaired cellular proliferation and differentiation restrict endometrial thickness in women, little is known about the molecular pathways affected. This is despite the enormous amount of knowledge that has accumulated about the molecular networks governing uterine cell proliferation and decidualization in mice. As mentioned earlier, COX-2/PPARδ signaling is associated with upregulation of VEGF during uterine angiogenesis, which is required for uterine growth and decidualization. A recent report shows decreased VEGF expression and poor vascular development in thin endometrial tissues from women, indicating that a poor angiogenic response to hormones may be a cause of endometrial hypotrophy (81) . Uncovering the molecular and cellular characteristics of thin endometrium in conjunction with the information from mouse models may help increase pregnancy rates following IVF.
Endometriosis: theory and models
Endometriosis is a common estrogen-dependent pathologic condition of the uterus that occurs in 6%-10% of women of reproductive age. It is characterized by the presence of endometrium-like glandular tissue and stroma outside the uterus, and it is often accompanied by pelvic pain and infertility (82) (83) (84) . The most widely accepted theory on the pathogenesis of endometriosis is implantation and growth of endometrial tissue within the peritoneal cavity after retrograde menstruation (85) . The theory of retrograde menstruation posits that during a woman's menstrual flow, some endometrial debris exits the uterus through the oviducts and attaches to the peritoneal surface, where it can invade the tissue as endometriosis; this is supported by the observation that endometriosis occurs exclusively in species with menstrual cycles (86) . However, retrograde menstruation is observed in many women during normal menstruation, but only a small number develop endometriosis. It has also been observed in women with amenorrhea or with complete uterine agenesis (87, 88) , and in teenagers before menarche (89) . An alternative, not necessarily mutually exclusive theory is that endometriosis arises as a result of coelomic metaplasia. This theory proposes that the ovarian germinal epithelium, which is derived from coelomic epithelium, can be transformed by metaplasia into endometrium-like tissue (89) . The fact that the pathogenesis of endometriosis remains undetermined indicates that this uterine condition has a complex cellular origin.
Since mice do not develop endometriosis, it has been necessary to use information obtained from human studies to devise model systems to study this disease. The first study providing novel insights into the molecular mechanism of endometriosis followed up the observation that endometriosis patients have an increased incidence of epithelial ovarian cancers (90) . Mice overexpressing oncogenic K-ras in the ovarian surface epithelium develop an endometriosis-like disease that does not progress to ovarian cancer (91) . However, when these mice are further engineered to lack phosphatase and tensin homolog (PTEN) in the ovarian surface epithelium, they develop invasive ovarian endometrioid adenocarcinomas (91) . This work elegantly identifies a link between certain ovarian cancers and endometriosis, and its clinical relevance is indicated by the observation that PTEN mutations are often associated with malignant transformation of endometriosis (reviewed in ref. 92) .
The growth of endometriotic tissues is thought to be estrogen dependent, and elevated levels of circulating estradiol are often observed in patients with endometriosis (93, 94) . Increased expression of aromatase is observed in both ectopic lesions and eutopic endometria in patients with endometriosis, while endometria in women free of disease do not show aromatase expression (93, 95) . Altered expression of enzymes involved in estrogen metabolism further enhances the accumulation of estradiol in patients with endometriosis (83, 96) . For example, expression of 17β-hydroxysteroid dehydrogenase 2 (17-βHSD2), which converts estradiol to the much less potent estrone, is suppressed in endometriotic tissues (97) (98) (99) . 17-βHSD2 is also a secondary effector of nuclear PR signaling and mediates the anti-estrogen function of P 4 in the endometrium (100) . Thus, the aberrant expression of this enzyme results in estrogen overproduction and P 4 resistance, both of which contribute to the etiology of endometriosis. P 4 responsiveness in the eutopic and ectopic endometrium of women with endometriosis is reduced compared with the endometrium of women who do not have endometriosis (101) . As demonstrated in PR-deficient mice, P 4 resistance due to insufficient levels of functional PR receptors contributes to the development of endometriosis (102) . Consistent with this, a reduction in PRA levels and an absence of PRB expression has been observed in human endometriotic tissues (96, 103) . As a regulator of PR signaling, FKBP52 might also contribute to P 4 resistance in endometriosis. Indeed, FKBP52-deficient mice develop endometriotic lesions characterized by increased inflammation, cell proliferation, and angiogenesis, and FKBP52 is downregulated in eutopic endometria and ectopic lesions of women with endometriosis (104) .
A number of gene expression and microarray analyses have been carried out to understand the cause of endometriosis, identifying certain aspects of immune and inflammatory pathways, cell adhesion, cell-cell junctions, extracellular matrix composition, cytoskeleton formation, signal transduction, and apoptotic pathway as altered in endometriotic tissues (105) (106) (107) (108) . Future studies are needed to characterize the function of these candidate genes and pathways in different types and developmental stages of endometriosis. These studies will require the development of new mouse models, and we hope that they will eventually define the underlying mechanism(s) of endometriosis so that new strategies to combat this disease can be developed.
Pregnancy loss: wrong place, wrong timing
While successful term pregnancy is the ultimate function of the uterus, the complex molecular nature of this organ makes it vulnerable to dysfunction that can lead to pregnancy loss, which in humans includes everything from embryonic demise during the preimplantation period to fetal loss in mid- and late gestation. Although uterine dysfunction contributes substantially to pregnancy loss, factors from outside the uterus also have an important role. Pregnancy loss is accompanied or caused by pathological conditions as varied as gamete chromosomal abnormalities, poor embryo quality prior to implantation, deferred or defective implantation, ectopic pregnancy, diabetes and other nutritional problems, and inappropriate maternal immune responses (5, (109) (110) (111) (112) (113) . Pregnancy loss associated with placental defects and loss of maternal tolerance to the fetus has been extensively reviewed elsewhere (7, 114, 115) . In this section, we therefore discuss other causes of pregnancy loss and pregnancy complications.
Ectopic pregnancy. When an embryo implants at an extrauterine site, embryonic demise follows, along with an increased risk of rupture with hemorrhage, threatening maternal health. Ectopic pregnancy is a leading cause of maternal deaths during early pregnancy (5) . While there are identified risk factors, the molecular mechanisms of ectopic pregnancy remain elusive. About 95% of ectopic pregnancies occur in the Fallopian tube, and tubal infections or pathologies are primary risk factors (5) . There is essentially no animal model of ectopic pregnancy, as it has not been reported in organisms other than humans (112, 116) . Chlamydia infection is considered a major cause of ectopic pregnancy and tubal factor infertility, as the infection often leaves scars in the oviduct tissue (117) . Chlamydia infection thus has been used in mice to develop a model system for ectopic pregnancy. In this model, the muscle tone of the oviductal wall is attenuated and the electrical pacemaker potential required for oviductal motility is lost (116, 118) . Thus, tubal infections increase the chance of ectopic pregnancy by delaying oviductal embryo transport.
Endocannabinoids, such as anandamide (N-arachidonylethanolamine) and 2-arachidonoyl glycerol, are ligands for cannabinoid receptor 1 (CB1) and CB2 (119) . Endocannabinoid signaling is closely associated with the establishment of uterine receptivity in mice, and aberrant levels of uterine endocannabinoids or receptors result in pregnancy termination (120, 121) . Fatty acid amide hydrolase (FAAH) is an endocannabinoid-degrading enzyme, appropriate expression of which is important for maintaining adequate levels of anandamide in the uterus for pregnancy. In Faah -/female mice, preimplantation embryo development, ontime implantation, and pregnancy outcome are all adversely affected (122) . Endocannabinoid signaling in human reproduction has been extensively investigated in recent years, as marijuana use is frequently linked to poor pregnancy outcome (45) . Plasma levels of endocannabinoids fluctuate during menstrual cycles and, as in mice, low levels of endocannabinoids are associated with increased uterine receptivity in women (123) . In a similar context, low levels of FAAH were noted in the lymphocytes of IVF patients who failed to become pregnant. These patients also have high plasma levels of endocannabinoids (124) .
An increased risk of tubal pregnancy, caused by a delay in embryo transport from the oviduct to the uterus, has been observed in recent studies using CB1- or FAAH-deficient mice (112, 122) . CB1 is expressed highly in preimplantation embryos and in the oviduct (112, 125) , and a large number of embryos are retained in the oviducts of CB1-deficient (Cnr1 -/-) female mice, a phenomenon that is reversed by the β-adrenergic agonist isoproterenol. Thus, endocannabinoid signaling is important for regulating the oviductal muscle tone required for normal embryo transport. A similar phenomenon of delayed oviductal embryo transport is observed in Faah -/female mice (122) . Consistent with these data, CB1 expression is attenuated in the oviduct and decidua of women with ectopic pregnancy (126) . It has also been reported that elevated anandamide levels are often associated with spontaneous pregnancy loss in women (127, 128) . These studies overall have raised awareness that habitual marijuana use may increase the risk of ectopic pregnancy by dysregulating endocannabinoid signaling.
IUGR and preterm birth: when the problem starts early. In humans, preterm birth refers to a birth that occurs prior to the 37th week of gestation. It occurs in more than 10% of all pregnancies in humans and is considered a global risk factor threatening women's health, with 60%-80% perinatal mortality (129) . Preterm birth can occur for no apparent reason, but it is frequently associated with preeclampsia, infections, fetal abnormalities, and pregnancy with multiples (6) . Preeclampsia is a pregnancy-associated disorder characterized by increased systemic blood pressure and additional symptoms such as proteinuria. The worldwide incidence of preeclampsia is above 5%, and the frequency of incidence has not changed for many years (7) . It thus remains a major pregnancy complication in humans. There are compounding causes of preeclampsia, but shallow invasion of trophoblasts during placentation seems to be a leading cause. The resultant poor utero-placental circulation is also a high risk factor for IUGR and preterm birth. This Review focuses on nonplacental origins of preterm birth, and another article in this issue deals with placental pathophysiology.
Bacterial infection can occur in multiple sites within the uterus during pregnancy. Inflammatory responses resulting from the infection are considered a chief culprit of preterm birth, accounting for 40% of all incidences (130) . Maternal responses to a bacterial infection usually accompany increased production of cytokines and chemokines. The fetus responds by increasing corticotrophin-releasing hormone output, and a stress response ensues, with increased adrenal cortisol production (reviewed in ref. 130 ). Infections associated with preterm birth generally occur during late pregnancy or close to term, and mouse models of preterm birth resulting from maternal infections involve administration of LPS or similar bacterial toxins around E15, which is well beyond placentation (131) . Using this model, an important role has been suggested for endothelin-1 in controlling smooth muscle tone in the uterus (132) . TLR4 signaling also seems to be involved in regulating PG metabolism, inducing preterm labor in this model (133, 134) . Overproduction of PGs via COX-2 is noted in the LPS model of preterm birth and is highly associated with increased embryonic resorption in mice (135) . Nitric oxide and endocannabinoids are also implicated in LPS-induced tissue damage in the mouse model of preterm birth (136) .
The onset of labor in many animals including mice accompanies P 4 withdrawal but this is not the case in humans. PGs, on the other hand, are needed for myometrial contraction during labor in both mice and humans. In 15-hydroxyprostaglandin dehydrogenase (15-HPGD) hypomorphic mice, reduced catabolism of PGs during late pregnancy leads to preterm birth, even in the absence of P 4 withdrawal (137) . In accordance with this observation, reduced 15-HPGD expression in the fetal membranes in pregnant women is associated with preterm labor (138) .
As mentioned in the previous section, signaling via CB1 is critical for embryo transport from the oviduct to the uterus. Recent work shows that CB1 signaling is also important for on-time parturition (139) . Delayed implantation and reduced numbers of embryos in the uteri of normal mice normally lead to delayed parturition, but in Cnr1 -/female mice these features are accompanied by preterm birth. Injection of a CB1 antagonist into pregnant normal mice during late gestation (E14-E18) recapitulates this phenotype, demonstrating that a deferral of implantation in Cnr1 -/female mice is not associated with the preterm birth phenotype. In these mice, levels of ovarian steroid hormones prior to parturition are perturbed, suggesting that normal endocannabinoid signaling is required to maintain uterine quiescence during late pregnancy (139) .
It is now widely accepted that some causes of IUGR and preterm birth originate in early pregnancy. Pregnancy-associated plasma protein-A (PAPP-A) is a placental protein found in the maternal blood from early pregnancy (140) . It is a metalloproteinase involved in increasing the bioactivity of the IGF system. A low level of PAPP-A during the first trimester is an important factor associated with low birth weight, which suggests that compromised signaling by the IGF system leads to retarded fetal growth and preterm birth (141, 142) . Consistent with this system being important for intrauterine fetal growth, mice homozygous for targeted disruption of the gene encoding PAPP-A are born at 60% of the normal birth weight (143) .
Another early risk factor for preterm birth is maternal undernutrition or stress during early pregnancy. In relation to this, suboptimal first-trimester fetal growth shows a high association with premature delivery in humans (144) . Undernutrition around the time of conception is implicated as one risk factor for preterm birth. In ewes, undernutrition during the periconceptional period induces a premature surge of circulating fetal cortisol, and this leads to the premature onset of labor (145) . In the fetuses of ewes with undernutrition, adrenocorticotropin levels increase precociously, suggesting that this maternal condition perturbs the maturation of the fetal endocrine system (146) .
Invasion of trophoblasts begins after the initial attachment of trophoblast cells to uterine epithelial cells. An incompetent attachment reaction propagates into poor implantation and defective postimplantation embryonic growth (8) . It is therefore considered an early cause of many pregnancy-associated defects and disorders. Cytosolic phospholipase A2 (cPLA 2 ) is a major provider of arachidonic acid for PG synthesis. Uterine deficiency of cPLA 2 in mice during early implantation causes PG deficiency with deferred implantation. The outcome is poor embryonic growth with reduced litter size (147) . Lysophosphatidic acid (LPA) receptor 3 deficiency results in strikingly similar fetal phenotypes as cPLA 2 deficiency in female mice (148) . Both mouse mutants exhibit a delay in the attachment reaction, which leads to an IUGR-like phenotype that can be partially corrected by exogenous administration of PGE 2 or a PGI 2 analog. These results show that PG and LPA are crucial lipid mediators of on-time implantation, something that is important if a pregnancy is to reach full term.
What lies ahead in the field?
The ultimate goal of researching the mouse uterus is to portray the complexity of the human endometrium. As we have discussed in this Review article and has been noted elsewhere (8, 13, (22) (23) (24) , the molecular pathways governing uterine biology and pathology in mice have taken more concrete shape over the years. The imminent task for basic scientists and clinicians alike is to translate the mounting information into clinically applicable protocols and therapeutics. A critical issue directly associated with pregnancy rate is providing a suitable uterine environment during the embryo transfer stage of IVF. Two of the many issues that remain to be addressed in the field are determining the uterine receptive phase more accurately by monitoring molecular markers and identifying the molecules that contribute to thin endometrium. Furthermore, it remains to be seen whether the incidence of early reproductive disorders visualized in mouse models is associated with polymorphism or mutation of the human genes.
